Introduction {#sec1}
============

Glucansucrases (Gtfs) are extracellular transglycosidases found in lactic acid bacteria and belong to glycoside hydrolase family 70 (GH70).^[@ref1]−[@ref3]^ These enzymes synthesize α-glucan polymers from sucrose as acceptor and donor substrate, in a semiprocessive manner.^[@ref4]^ Glucansucrases have also been shown to efficiently catalyze transfer of glucose moieties from sucrose as the donor substrate to numerous hydroxyl group containing molecules, including maltose, isomaltose, catechol, primary alcohols (C~4~, C~6~, and C~8~), and steviol-based compounds.^[@ref5]−[@ref10]^ In case of small sugar acceptor molecules, low-molecular-mass oligosaccharides are synthesized, differing in linkage type, size, branching degree, and physicochemical properties.^[@ref1],[@ref3],[@ref10],[@ref11]^ These products are attracting strong interest for industrial applications as food or feed ingredients and in pharmacy and medicine.^[@ref12]−[@ref15]^

GH70 glucansucrases belong to the α-amylase superfamily, together with GH13 and GH77 enzymes,^[@ref16],[@ref17]^ but they are much larger (∼1600--1800 amino acid residues). An N-terminal domain of variable length and a C-terminal putative glucan-binding domain flank the central catalytic domain in these glucansucrase enzymes.^[@ref1]^ GH70 enzymes follow a double-displacement reaction mechanism and possess three catalytic residues, D1025 (nucleophile), E1063 (acid/base). and D1136 (transition state stabilizing residue) (Gtf180-ΔN numbering). The reaction starts with cleavage of the (α1→2) bond of sucrose, yielding a covalent glucosyl-enzyme intermediate. This is followed by binding of the acceptor substrate and transfer of the covalently bound glucosyl residue to the acceptor molecule, forming a new glycosidic linkage.^[@ref18]^ The α-anomeric configuration of the donor is conserved in the product.^[@ref19],[@ref20]^ The different glucansucrases characterized produce α-glucans with various types of linkages, depending on the orientation of the acceptor glucan toward the covalent glucosyl-enzyme intermediate. The glucansucrase linkage specificity, therefore, is determined by residues forming the acceptor-binding subsites.^[@ref21]^ The glucansucrase binding subsites for acceptor substrates are relatively open and involve several conserved sequence regions. Residues forming subsites +1 and +2 are crucial for acceptor recognition and orientation; their mutation resulted in altered ratios of glycosidic linkages in the synthesized α-glucans.^[@ref22]−[@ref24]^

The Gtf180-ΔN glucansucrase from *Lactobacillus reuteri* 180 synthesizes an α-glucan with (α1→6) and (α1→3) glycosidic linkages.^[@ref25]^ Its three-dimensional structure has been elucidated,^[@ref18]^ also with bound donor substrate (sucrose; PDB code 3HZ3) and with acceptor substrate (maltose; PDB code 3KLL), identifying amino acid residues in the donor and acceptor substrate binding subsites.^[@ref18]^ The crystal structure of Gtf180-ΔN revealed five protein domains (A, B, C, IV, and V); the active site is situated at the interface of domains A and B with a pocketlike cavity;^[@ref26]^ residues Q1140, N1411, and D1458 flanking subsite −1 prevent the presence of further donor subsites.^[@ref18]^ The crystal structure of Gtf180-ΔN in a complex with maltose revealed this acceptor substrate bound in subsites +1 and +2. At subsite +1, the highly conserved residue N1029 from domain A provides direct and indirect hydrogen bonds to the C3 and C4 hydroxyl groups at the nonreducing end of maltose.^[@ref18]^ Residue W1065 has a hydrophobic stacking interaction with both the +1 and +2 glucosyl units of maltose, while the complex of Gtf180-ΔN D1025N with sucrose revealed a direct hydrogen bond of W1065 with the C1 hydroxyl group of the fructosyl moiety of sucrose.^[@ref21]^

Our previous study showed that Gtf180-ΔN successfully catalyzes transglycosylation reactions from sucrose with lactose as the acceptor substrate.^[@ref27]^ Multiple glucose moieties were transferred to lactose to produce various glucosylated lactose derivatives. The five compounds F1--F5 of DP3-DP4 (GL34 mixture) were structurally characterized revealing (α1→2), (α1→3), and (α1→4) linkages ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}).^[@ref27]^ Interestingly, Gtf180-ΔN introduced an (α1→2)-linked Glc moiety at the reducing glucosyl unit of lactose. Such a glycosidic linkage specificity had not been reported for this enzyme before. It remained unknown how the (α1→6)/(α1→3) linkage specificity of Gtf180-ΔN was altered to (α1→2)/(α1→3)/(α1→4) in the presence of lactose as an acceptor substrate. The branching sucrase enzyme Dsr-E from *Leuconostoc mesenteroides* NRRL B-1299 is one of the rare enzymes in the GH70 family that is able to introduce (α1→2)-branched linkages onto dextran backbones.^[@ref28],[@ref29]^ Aiming to understand how the acceptor substrate lactose binds in the Gtf180-ΔN active site, and which amino acids are essential in binding lactose, we carried out docking experiments with lactose in a glucosyl-enzyme intermediate, using the crystal structure of *L. reuteri* 180 Gtf180-ΔN.^[@ref18]^ Residues N1029, W1065, and Q1140 were found to be in close proximity of the acceptor substrate and may therefore be involved in the orientation of lactose in the acceptor subsite and influence the linkage type preference. To study this in more detail, mutants at these positions were biochemically characterized and evaluated for their lactose-derived product spectra and linkage specificity. The results show that mutagenesis of key residues in Gtf180-ΔN may allow synthesis of tailor-made mixtures of lactose-derived oligosaccharides with various linkage types. Such mixtures of lactose-derived oligosaccharides may have potential applications as prebiotic compounds in food and feed and in pharmacy and medicine.

![Structures of F1--F5 and G1--G4\
Red arrows reflect possible elongation of the corresponding compounds from the mixture GL34, F2--F5, to form G1--G4.](jf-2018-04486f_0006){#sch1}

Materials and Methods {#sec2}
=====================

Recombinant Gtf180-ΔN (Mutants) {#sec2.1}
-------------------------------

Mutation, expression, and purification of the Gtf180-ΔN mutant enzymes used for this study has been described in detail by Meng et al.^[@ref30],[@ref31]^

Glucansucrase Activity and Kinetic Analysis {#sec2.2}
-------------------------------------------

Glucansucrase activity was quantified by measuring released glucose and fructose in the reaction with 100 mM sucrose at 37 °C in 25 mM sodium acetate buffer (pH 4.7) with 1 mM CaCl~2~, as described previously.^[@ref32]^ Samples of 25 μL were taken at regular intervals of 1 min, and glucosylation reactions were stopped immediately by addition of 5 μL of 1 M NaOH. One glucansucrase activity unit (U) is defined as the amount of enzyme releasing 1 μmol of monosaccharide from sucrose per minute. Release of glucose and fructose corresponds to hydrolysis activity and total activity, respectively, and the transglycosylation activity was calculated as the difference. Kinetic parameters (*V*~max~ and *K*~m~) were determined using 10 different sucrose concentrations (ranging from 0.1 to 200 mM) with 200 mM lactose as acceptor substrate and calculated by nonlinear regression of the Michaelis--Menten equation with SigmaPlot. The effect of lactose concentration on initial activities of Gtf180-ΔN and mutants derived were determined using eight different lactose concentrations (ranging from 0.1 to 150 mM) in the reactions with 150 mM sucrose at 37 °C in 25 mM sodium acetate buffer (pH 4.7) containing 1 mM CaCl~2~.

Docking Experiments {#sec2.3}
-------------------

A model of the covalent glucosyl-enzyme intermediate of Gtf180-ΔN from *L. reuteri* strain 180 was used to dock lactose as an acceptor substrate, using the Vina-Carb of AutoDock Vina.^[@ref18],[@ref33],[@ref34]^ Amino acid side chains were kept rigid. Seventy-seven poses were obtained, and these were evaluated in PyMOL (The PyMOL Molecular Graphics System, Version 2.0, Schrödinger, LLC) on the basis of their binding energy, proximity, and orientation of the hydroxyl group with respect to the C1 atom of the covalent glucosyl moiety. The result was a collection of 34 poses in which the distance of the relevant lactose hydroxyl group to the C1 atom of the glucosyl-enzyme intermediate ranged between 3.0 and 4.6 Å; these poses were considered productive.

Mutant Enzyme Screening {#sec2.4}
-----------------------

Wild type and mutant Gtf180-ΔN enzymes (1 U mL^--1^, total activity, with sucrose) were incubated with 0.5 M sucrose and 0.3 M lactose. Control incubations contained only 0.5 M sucrose with 1 U mL^--1^ of these enzymes. All reactions were performed at 37 °C in 25 mM sodium acetate buffer (pH 4.7) with 1 mM CaCl~2~ for 24 h. The resulting reaction mixtures were subsequently subjected to HPAEC-PAD profiling for analysis.

Larger Scale Production and Isolation of Oligosaccharides {#sec2.5}
---------------------------------------------------------

Larger scale reactions of 0.5 M sucrose and 0.3 M lactose with selected Gtf180-ΔN mutants were carried out in a volume of 100 mL with 1 U mL^--1^ (total activity) of enzyme for 24 h. Two volumes of cold ethanol 20% were added to the reaction mixtures and stored at 4 °C overnight to precipitate glucan polysaccharides. Full precipitation was promoted by centrifugation at 10000*g* for 10 min, and the supernatant was applied to a rotatory vacuum evaporator to remove ethanol. The aqueous fraction was absorbed onto a CarboGraph SPE column (Alltech, Breda, The Netherlands) using acetonitrile/water 1/3 as eluent, followed by evaporation of acetonitrile under an N~2~ stream before being freeze-dried. Oligosaccharide mixtures were fractionated by HPAEC-PAD.

HPAEC-PAD Analysis {#sec2.6}
------------------

Analytical scale HPAEC-PAD analyses were performed on a Dionex ICS-3000 workstation (Dionex, Amsterdam, The Netherlands) equipped with an ICS-3000 pulse amperometric detection (PAD) system and a CarboPac PA-1 column (250 × 2 mm; Dionex). The analytical separation was performed at a flow rate of 0.25 mL min^--1^ using a complex gradient of eluents A (100 mM NaOH), B (600 mM NaOAc in 100 mM NaOH), C (Milli-Q water), and D (50 mM NaOAc). The gradient started with 10% A, 85% C, and 5% D in 25 min to 40% A, 10% C, and 50% D, followed by a 35 min gradient to 75% A and 25% B, directly followed by 5 min washing with 100% B and reconditioning for 7 min with 10% A, 85% B, and 5% D. External standards of lactose, glucose, and fructose were used to calibrate for the corresponding sugars. For determination of glucosylated lactose compounds with a degree of polymerization (DP) of 3, maltotriose was used as external standard.

Semipreparative HPAEC-PAD samples were applied in a 4 mg mL^--1^ concentration in 250 μL injections on an ICS-5000 system, equipped with an ICS-5000 PAD detector, using a CarboPac PA-1 column (250 × 9 mm; Dionex). Fractions were manually collected and immediately neutralized with 20% acetic acid, followed by desalting over a CarboGraph SPE column (Alltech, Breda, The Netherlands).

MALDI-TOF Mass Spectrometry {#sec2.7}
---------------------------

Molecular masses of the compounds in the reaction mixtures were determined by MALDI-TOF mass spectrometry on an Axima Performance mass spectrometer (Shimadzu Kratos Inc., Manchester, U.K.), equipped with a nitrogen laser (337 nm, 3 ns pulse width). Ion-gate cutoff was set to *m*/*z* 200 Da, and sampling resolution was software-optimized for *m*/*z* 1500 Da. Samples were prepared by mixing 1 μL with 1 μL of aqueous 10 mg mL^--1^ 2,5-dihydroxybenzoic as matrix solution on the target plate.

NMR Spectroscopy {#sec2.8}
----------------

The structures of oligosaccharides of interest were elucidated by 1D and 2D ^1^H--^1^H NMR and 2D ^1^H--^13^C NMR. A Varian Inova 500 spectrometer (NMR center, University of Groningen) was used at a probe temperatures of 25 °C. The aliquot samples were exchanged twice with 600 μL of 99.9 atom % D~2~O (Cambridge Isotope Laboratories, Inc., Andover, MA) with intermediate freeze-drying and then dissolved in 0.65 mL of D~2~O, containing internal acetone (δ(^1^H) 2.225 ppm; δ(^13^C) 31.08 ppm). In the 1D ^1^H NMR experiments, the data were recorded at 16k complex data points, and the HOD signal was suppressed using a WET1D pulse. In the 2D ^1^H--^1^H NMR COSY experiments, data were recorded at 4800 Hz for both directions at 4k complex data points in 256 increments. 2D ^1^H--^1^H NMR TOCSY data were recorded with 4000 Hz at 30, 60, 100, 150, and 200 ms spinlock times in 200 increments. In the 2D ^1^H--^1^H NMR ROESY, spectra were recorded with 4800 Hz at a mixing time of 300 ms in 256 increments of 4000 complex data points. MestReNova 9.1.0 (Mestrelabs Research SL, Santiago de Compostela, Spain) was used to process NMR spectra, using Whittaker Smoother baseline correction.

Results {#sec3}
=======

Mutant Gtf180-ΔN Enzymes and Transglycosylation of Lactose {#sec3.1}
----------------------------------------------------------

The results of the docking experiments with lactose in a model of the glucosyl-enzyme intermediate of Gtf180-ΔN from *Lactobacillus reuteri* 180 showed that,^[@ref18]^ within the selection of 34 productive poses, all three lactose transglycosylation types observed experimentally (F1--F3) were represented. In addition, some poses represented glycosylation types not identified experimentally. The highest number of poses favored (α1→3) elongation at the nonreducing end, followed by (α1→2) elongation at the reducing end, and then (α1→6) elongation at the reducing end (including the highest scoring pose) or (α1→4) elongation at the nonreducing end. The general picture emerging from the productive poses was that residues N1029, W1065, and Q1140 are in close proximity to, and are able to make hydrogen bond interactions (N1029, W1065, Q1140) or hydrophobic stacking interactions (W1065) with, the acceptor substrate lactose. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} shows three poses corresponding to transglycosylation scenarios yielding compounds F1--F3, which are in a position similar to that of bound maltose in previous work.^[@ref18]^

![Views of the acceptor substrate lactose (yellow carbon atoms) docked in a glucosyl-enzyme intermediate constructed using the crystal structure of *L. reuteri* 180 Gtf180-ΔN (PDB 3KLK([@ref18])). Three different poses are shown representing (a) (α1→2) transglycosylation at the reducing end, (b) (α1→3) transglycosylation at the nonreducing end, and (c) (α1→4) transglycosylation at the nonreducing end. Hydrogen bonds between amino acid residues and lactose are shown as red dotted lines; the arrow indicates the relevant hydroxyl group of lactose to attack the C1 atom of the glucosyl-enzyme intermediate (indicated with an asterisk).](jf-2018-04486f_0001){#fig1}

A collection of 23 Gtf180-ΔN mutants with single amino acid residue changes at the N1029, W1065, and Q1140 positions had been constructed previously^[@ref30],[@ref31]^ and was used for analysis of transglycosylation reactions with lactose as acceptor substrate. All of the reactions were carried out with 0.5 M sucrose and 0.3 M lactose, catalyzed by 1 U mL^--1^ of the corresponding purified Gtf180-ΔN mutant or wild-type enzymes for 24 h. The incubation mixtures were analyzed by HPAEC-PAD profiling for a semiquantitative evaluation of the formation of the F1--F5 compounds. Mutations in these residues resulted in clear changes in the F1--F5 amounts synthesized. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} shows the percentages of the individual F1--F5 structures synthesized by the mutant enzymes in comparison to the 100% values for the Gtf180-ΔN wild type. Each enzyme was used at 1 U mL^--1^, but the total amount of the GL34 mixture synthesized was mostly less than that by Gtf180-ΔN, except for mutants Q1140W, Q1140N, and N1029T ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}).

![Effects of mutations in residues N1029, W1065, and Q1140 on the synthesis of structures F1--F5 in the GL34 mixtures, relative to wild-type Gtf180-ΔN (100%). Reactions were carried out with 0.5 M sucrose and 0.3 M lactose, catalyzed by 1 U mL^--1^ of these enzymes at 37 °C for 24 h. The experiments were carried out in duplicate.](jf-2018-04486f_0002){#fig2}

### Mutants of Residue Q1140 {#sec3.1.1}

HPAEC-PAD analysis of the Q1140 mutants showed a clear decrease of F3 with an (α1→3) linkage and an increase in F4 with (α1→4)/(α1→2) linkages in comparison with the profiles of the wild type enzyme ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). Compound F5 with both (α1→2) and (α1→3) linkages remained relatively constant for all studied Q1140 mutants. Similarly, F1 with an (α1→4) linked Glc was hardly affected by these mutations, except for mutants Q1140E and Q1140D, which showed a decrease in F1. Structure F2 with an (α1→2)-linked Glc was increased in mutants Q1140W and Q1140N but was decreased in mutants Q1140H, Q1140E, and Q1140D.

### Mutants of Residue W1065 {#sec3.1.2}

Amino acid changes at W1065 exhibited more diverse effects on the glucosylated-lactose product profile ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). Most of the W1065 mutants displayed a decrease in all GL34 compounds. F2 with an (α1→2) linked Glc and F4 with (α1→2)- and (α1→4)-linked Glc were most strongly affected ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). A decrease in F2 was found for most of the W1065 mutants, except for W1065L and W1065R. Three substitutions of Trp1065 with Arg, Lys, and Asn resulted in a clear increase in the amount of F3, with an (α1→3)-linked Glc. In the reaction with maltose as acceptor substrate, the same mutants also synthesized increased levels of oligosaccharides with an (α1→3)-linked Glc.^[@ref35]^ The positive charge of Arg and Lys may be an important determinant for favoring (α1→3) linkage formation. The amounts of F4 and F5 DP4 compounds were very minor in the profiles of mutants W1065L and W1065K ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}).

### Mutants of Residue N1029 {#sec3.1.3}

Mutants of N1029 showed a clear decrease in F4 with (α1→4)- and (α1→2)-linked Glc moieties; the most significant reduction was caused by replacing Asn1029 with Arg, Gly, Pro, and Thr residues ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). Except for the residue Arg, the three other amino acid residues are much smaller in size than Asn, which may result in significant changes in acceptor substrate binding by this glucansucrase. The relative levels of F1, with an (α1→4) linked Glc, were decreased in most of the N1029 mutants ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). Substitutions of Asn with Gly or Thr resulted in clear increases in the amount of F3, with an (α1→3)-linked Glc. N1029 mutagenesis thus has a clear effect on linkage specificity of lactose-derived oligosaccharides, with fewer (α1→4) linkages and more (α1→3) linkages.

Among all studied mutants, only the product profiles of N1029P, N1029G, and W1065M with sucrose/lactose showed new peaks in comparison with that of Gtf180-ΔN wild type ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). The new peaks in the N1029P (not shown) and N1029G profiles appear at the same position in the HPAEC-PAD profile, but they were more intense in the N1029G profile. Mutants N1029G and W1065M were selected for further biochemical analysis. The new transglycosylated lactose products of N1029G were structurally characterized. The W1065M products were not characterized further.

![HPAEC-PAD profiles of lactose-derived oligosaccharide products in incubation mixtures with (a) Gtf180-ΔN wild type and corresponding mutants (b) N1029G and (c) W1065M using 1 U mL^--1^ (total activity) at 37 °C in 25 mM sodium acetate buffer (pH 4.7) with 1 mM CaCl~2~ for 24 h. The red arrows indicate new peaks in the reaction mixture catalyzed by mutants of Gtf180-ΔN, identified as G1--G4.](jf-2018-04486f_0003){#fig3}

Biochemical Analysis of the Glucansucrase Reaction with Sucrose and Lactose {#sec3.2}
---------------------------------------------------------------------------

The N1029G and W1065M mutants were studied in comparison with Gtf180-ΔN wild type, in the reactions with lactose as acceptor substrate or with only sucrose. All tested (mutant) glucansucrases displayed Michaelis--Menten type kinetics for both the hydrolysis and transferase activities at sucrose concentrations between 0.1 and 200 mM ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). Mutations at the N1029 and W1065 positions clearly resulted in reduced activities. The *K*~m~, *k*~cat~, and catalytic efficiency values were calculated accordingly ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). The *K*~m~ values for sucrose in the Gtf180-ΔN wild type and the mutants N1029G and W1065M reactions with only sucrose were significantly lower than in the reactions with lactose plus sucrose. The presence of lactose molecules around the substrate binding site apparently results in a more limited access for sucrose and a reduced binding affinity of Gtf180-ΔN and its mutants for sucrose. The presence of sucrose plus lactose as acceptor substrate resulted in a strong reduction of hydrolytic activity for Gtf180-ΔN and an increase in transferase activity for Gtf180-ΔN and mutant N1029G, in comparison to activity with sucrose alone. The *k*~cat~ value and hydrolytic efficiency *k*~cat~/*K*~m~ of Gtf180-ΔN were suppressed strongly with lactose as acceptor substrate. However, the transferase efficacies *k*~cat~*/K*~*m*~ of this enzyme with and without lactose were similar at about 52 s^--1^ mM^--1^. Analysis of the N1029G mutant showed that replacing Asn by Gly caused a clear decrease in activity (hydrolytic and total activity) in comparison with the wild type enzyme. Similarly to Gtf180-ΔN wild type, the sucrose hydrolytic efficiency of this mutant is lower in the presence of lactose. Although the *k*~cat~ value of N1029G with lactose plus sucrose is significantly higher than that with only sucrose, 58.2 vs 18.2 s^--1^, the transferase efficacy *k*~cat~/*K*~m~ values are not significantly different. Kinetic analysis of mutant W1065M showed that both its *K*~m~ and *k*~cat~ values were affected significantly, resulting in a very low catalytic efficiency ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}).

![Influence of sucrose concentration on initial activities (hydrolytic, transferase, and total activity) of different enzymes: (1) Gtf180-ΔN; (2) W1065M, and (3) N1029G when using (a) sucrose as donor substrate and 200 mM lactose as acceptor substrate or (b) only sucrose as substrate, with 5 μg of the protein of the corresponding enzymes at 37 °C in 25 mM sodium acetate/1 mM CaCl~2~ buffer, pH 4.7. Experiments were carried out in duplicate.](jf-2018-04486f_0004){#fig4}

###### Kinetic Analysis of the Activities of Gtf180-ΔN and Mutants Derived Using Only Sucrose or both Sucrose and Lactose as Substrates[a](#t1fn1){ref-type="table-fn"}

                                    hydrolytic activity   transferase activity   total activity                                                                
  ----------- --------------------- --------------------- ---------------------- ---------------- ------------ ------------- ------ ------------ ------------- -------
  Gtf180-ΔN   lactose and sucrose   13.3 ± 1.1            32.9 ± 0.2             2.5              5.6 ± 0.2    294.8 ± 3.2   52.6   6.0 ± 0.4    326.2 ± 4.2   54.4
              sucrose               2.5 ± 0.3             118.1 ± 1.3            47.2             2.9 ± 0.2    153.3 ± 3.8   52.9   2.7 ± 0.2    271.4 ± 3.1   100.5
  N1029G      lactose and sucrose   13.5 ± 0.3            15.2 ± 0.5             1.1              13.6 ± 0.1   58.2 ± 2.4    4.3    13.7 ± 1.3   73.3 ± 2.5    5.4
              sucrose               2.6 ± 0.2             14.2 ± 0.6             5.6              3.0 ± 0.1    18.2 ± 1.8    6.1    2.7 ± 0.0    32.7 ± 1.2    12.1
  W1065M      lactose and sucrose   10.4 ± 0.9            3.7 ± 0.6              0.4              19.3 ± 0.4   5.4 ± 0.3     0.3    15.1 ± 1.1   8.8 ± 0.4     0.6
              sucrose               6.0 ± 0.7             3.9 ± 0.3              0.6              6.9 ± 0.8    3.7 ± 0.9     0.5    6.2 ± 0.6    7.5 ± 0.5     1.2

*K*~m~ values calculated for sucrose. Experiments were carried out in duplicate.

Structural Characterization of Transglycosylated Products Synthesized by Gtf180-ΔN N1029G {#sec3.3}
-----------------------------------------------------------------------------------------

Mutant N1029G was used in a larger scale incubation with 0.5 M sucrose and 0.3 M lactose, followed by product fractionation by HPAEC-PAD on a semipreparative column. Collected fractions were analyzed by MALDI-TOF mass spectrometry (data not shown). Fractions G1 and G2 each consisted of a major component with four hexose units (DP4; *m*/*z* 689). Fractions G3 and G4 each had a major component with five hexose units (DP5; *m*/*z* 851) ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.8b04486/suppl_file/jf8b04486_si_001.pdf)). The structures of these compounds were elucidated by 1D ^1^H NMR, 2D ^1^H--^1^H NMR, and ^1^H--^13^C NMR.

### Fraction G1 {#sec3.3.1}

Compound G1 is composed of four hexose residues: namely, **A** and **B** (glucosyl and galactosyl residues from original lactose, respectively) and **D** and **E** (transferred glucosyl residues from sucrose). The ^1^H anomeric signals of fraction G1 were revealed by 500 MHz 1D ^1^H NMR spectrum as following δ 5.447 (**A**~**α**~ H-1), δ 4.838 (**A**~**β**~ H-1), δ 4.469/4.452 (**B** H-1), δ 5.108 (**D**^**α**^ H-1), δ 5.381 (**D**^**β**^ H-1), and δ 5.358/5.349 (**E** H-1) ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). The splitting of the anomeric signals **B** H-1, **D** H-1, and **E** H-1 is influenced by the α/β configuration of the reducing residue **A**. All nonanomeric proton resonances were assigned by using 2D ^1^H--^1^H TOCSY and 2D ^1^H--^13^C HSQC ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} and [Figure S2b](http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.8b04486/suppl_file/jf8b04486_si_001.pdf)). At the glucosyl residue **A**, strong downfield shifts were detected for **A**~**α**~ H-2 at δ 3.70 (Δδ +0.12 ppm), **A**~**α**~ C-2 at δ 79.3 (Δδ +6.90 ppm), **A**~**β**~ H-2 at δ 3.43 (Δδ +0.14 ppm) and **A**~**β**~ C-2 δ 78.9 (Δδ +3.90 ppm), suggesting the occurrence of substituted O-2 of this residue.^[@ref36]^ The 2D ROESY double inter-residual cross-peaks **D**^**α**^ H-1/**A**~**α**~ H-2 and **D**^**β**^ H-1/**A**~**β**~ H-2 confirmed this 2-substitution of residue **A** ([Figure S2c](http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.8b04486/suppl_file/jf8b04486_si_001.pdf)). The high anomeric resonance value of **A**~**α**~ H-1 at δ 5.447 ppm stems from this 2-substituted reducing α-D-Glc*p* unit.^[@ref11]^ Additionally, significant downfield shifts of **D**^**α**^ H-3 at δ 3.93 (Δδ +0.10 ppm), **D**^**α**^ C-3 at δ 80.6 (Δδ +8.10 ppm), **D**^**β**^ H-3 at δ 3.89 (Δδ +0.26 ppm), and **D**^**β**^ C-3 at δ 80.7 (Δδ + 5.30 ppm) are indicative of a substitution at O-3 of this residue. This substitution is supported by the 2D ROESY inter-residual cross-peak between **E** H-1 and **D**^**β**^ H-3 ([Figure S2c](http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.8b04486/suppl_file/jf8b04486_si_001.pdf)). The inter-residual interaction between **B** H-1 and **A**~**α**~ H-4 was also detected in the ROESY spectrum. When all data are combined, the structure of tetrasaccharide compound G1 was determined to be α-[d]{.smallcaps}-Glc*p*-(1→3)-α-[d]{.smallcaps}-Glc*p*-(1→2)-\[β-[d]{.smallcaps}-Gal*p*-(1→4)-\]-[d]{.smallcaps}-Glc*p* ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}).

![500 MHz 1D ^1^H NMR spectra of G1--G4 fractions from the reaction mixture with Gtf180-ΔN N1029G (see [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.8b04486/suppl_file/jf8b04486_si_001.pdf)), recorded at 25 °C in D~2~O. Anomeric signals of each fraction were labeled according to the legends of corresponding structures indicated in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}.](jf-2018-04486f_0005){#fig5}

###### ^1^H and ^13^C Chemical Shifts of the Glucosylated Lactose Derivatives, Measured at 25 °C in D~2~O[a](#tbl2-fn1){ref-type="table-fn"}

           Lac     G1                                        G4                                        
  -------- ------- ------------- ------------- ------------- ------------- ------------- ------------- -------------
  A~α~1    5.222   92.8          5.447         90.0          5.225         5.450         5.450         89.9
  A~α~2    3.58    72.4          [3.70]{.ul}   [79.3]{.ul}   3.59          [3.69]{.ul}   [3.71]{.ul}   [79.6]{.ul}
  A~α~3    3.83    72.5          3.97          70.9          3.85          3.95          3.97          72.8
  A~α~4    3.66    79.8          [3.71]{.ul}   [79.3]{.ul}   [3.68]{.ul}   3.70          [3.74]{.ul}   [80.5]{.ul}
  A~α~5    3.95    71.2          4.01          72.5          3.97          4.05          4.06          70.6
  A~α~6a   3.87    61.5          3.89          60.8                                      3.88          61.2
  A~α~6b   3.84                                                                                         
  A~β~1    4.662   96.9          4.838         96.7          4.670         4.828         4.843         97.0
  A~β~2    3.287   [75.0]{.ul}   [3.43]{.ul}   [78.9]{.ul}   3.30          [3.42]{.ul}   [3.43]{.ul}   [79.0]{.ul}
  A~β~3    3.63    75.4          3.73          76.3          3.63          3.74          3.76          73.8
  A~β~4    3.66    79.8          [3.68]{.ul}   [79.3]{.ul}   [3.66]{.ul}   [3.68]{.ul}   [3.69]{.ul}   [79.5]{.ul}
  A~β~5    3.60    75.8          3.60          75.3          3.61          3.60          3.61          75.5
  A~β~6a   3.95    61.6          3.96          60.9          3.96          3.83          3.94          61.2
  A~β~6b   3.80                  3.80          60.9          3.81          3.97          3.80           
  B1       4.447   104.4         4.469/4.452   103.6         4.511         4.525/4.508   4.527/4.512   104.1
  B2       3.54    72.3          3.55          72.0          3.68          3.59          3.70          70.8
  B3       3.66    73.7          3.67          72.3          [3.78]{.ul}   3.76          [3.77]{.ul}   [78.6]{.ul}
  B4       3.92    69.8          3.92          69.5          [4.18]{.ul}   [4.02]{.ul}   [4.16]{.ul}   66.0
  B5       3.72    76.4          3.94                        3.72          3.68          3.69          75.9
  B6a      3.80    62.2          3.76          61.6          3.80          3.80          3.80          62.0
  B6b      3.75                  3.71          61.6                        3.70          3.74           
  C1                                                         5.114         4.907/4.896   5.111/5.103   96.7
  C2                                                         3.68          3.54          3.58          72.3
  C3                                                         [3.93]{.ul}   3.75          3.78          74.1
  C4                                                         3.66          3.47          3.46          70.2
  C5                                                         4.00          [4.16]{.ul}   4.02          72.7
  C6a                                                        3.81          3.80          3.84          61.2
  C6b                                                        3.78                        3.76           
  D^α^1                          5.108         97.2                        5.110         5.102         96.7
  D^α^2                          3.64          75.1                        3.65          3.59          74.5
  D^α^3                          [3.93]{.ul}   [80.6]{.ul}                 [3.94]{.ul}   [3.93]{.ul}   [80.6]{.ul}
  D^α^4                          3.49          70.4                        3.48          3.46          70.3
  D^α^5                          [4.02]{.ul}   72.4                        4.00          3.96          72.6
  D^α^6a                         3.87          60.9                        3.80          3.80          61.2
  D^α^6b                         3.80          60.9                                      3.76           
  D^β^1                          5.381         98.8                        5.399         5.379         98.6
  D^β^2                          3.53          72.1                        3.64          3.64          71.0
  D^β^3                          [3.79]{.ul}   [80.7]{.ul}                 [3.90]{.ul}   [3.89]{.ul}   [80.9]{.ul}
  D^β^4                          3.47          70.3                        3.46          3.47          70.2
  D^β^5                          [4.11]{.ul}   72.1                        [4.10]{.ul}   [4.11]{.ul}   72.1
  D^β^6a                         3.91          60.9                        3.81          3.80          61.2
  D^β^6b                         3.80          60.9                                                     
  E1                             5.358/5.349   100.0         5.361         5.356/5.347   5.358/5.350   100.2
  E2                             3.54          72.1          3.57          3.57          3.57          72.4
  E3                             3.75          73.9          3.75          3.75          3.76          73.9
  E4                             3.45          70.2          3.48          3.45          3.44          70.4
  E5                             [4.02]{.ul}   72.6          [4.02]{.ul}   [4.02]{.ul}   [4.02]{.ul}   72.7
  E6a                            3.85          61.0          3.87          3.83          3.82          61.2
  E6b                            3.80          61.5          3.80                                       

Chemical shifts that are key in the structural determination are underlined.

### Fraction G2 {#sec3.3.2}

Compound G2 is composed of 4 hexose residues, including **A** and **B** (glucosyl and galactosyl residues from original lactose, respectively) and **C** and **E** (transferred glucosyl residues from sucrose). The ^1^H NMR spectrum showed five anomeric signals at δ 5.225 (**A**~**α**~ H-1), δ 4.670 (**A**~**β**~ H-1), δ 4.511 (**B** H-1), δ 5.114 (**C** H-1), and δ 5.361 (**E** H-1) ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). Assignments of nonanomeric resonances of these residues were obtained by 2D ^1^H--^1^H TOCSY measurements ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} and [Figure S3b](http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.8b04486/suppl_file/jf8b04486_si_001.pdf)). The chemical shifts of residues **A**--**C** of this fraction were found to be highly similar to those values of fraction F3 from the GL34 mixture.^[@ref27]^ The ROESY inter-residual cross peaks **C** H-1/**B** H-3 verified O-3 substitution occurring at residue **B** ([Figure S3c](http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.8b04486/suppl_file/jf8b04486_si_001.pdf)). Moreover, at residue **C**, the chemical shift of H-3 was shifted strongly to δ 3.93 (Δδ + 0.13 ppm) in reference to that of the same residue from compound F3,^[@ref27]^ indicating the substitution at O-3 of this residue. This speculation was confirmed by the 2D ROESY inter-residual cross-peak between **E** H-1 and **C** H-3 ([Figure S3c](http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.8b04486/suppl_file/jf8b04486_si_001.pdf)). The 3-substitution at residues **B** and **C** has a strong influence on the chemical shift value of residue **B** H-4 at δ 4.18 (Δδ + 0.26 ppm). The ROESY spectrum also showed inter-residual correlations between **C** H-1 and **B** H-3 and between **B** H-1 and **A** H-4 ([Figure S3c](http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.8b04486/suppl_file/jf8b04486_si_001.pdf)). These data resulted in the identification of compound G2 as a tetrasaccharide with the structure α-[d]{.smallcaps}-Glc*p*-(1→3)-α-[d]{.smallcaps}-Glc*p*-(1→3)-β-[d]{.smallcaps}-Gal*p*-(1→4)-α-[d]{.smallcaps}-Glc*p* ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}).

### Fraction G3 {#sec3.3.3}

Compound G3 consists of five hexose residues: **A** and **B** (glucosyl and galactosyl residues from original lactose, respectively) and **C**--**E** (transferred glucosyl residues from sucrose). Seven anomeric signals of this compound were detected by 1D ^1^H NMR to be at δ 5.450 (**Aα** H-1), δ 4.828 (**A**~**β**~ H-1), δ 4.525/4.508 (**B** H-1), δ 4.907/4.896 (**C** H-1), δ 5.110 (**D**^**α**^ H-1), δ 5.399 (**D**^**β**^ H-1), and δ 5.356/5.347 (**E** H-1) ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). Three other anomeric signals from this fraction G3 were also detected, marked with asterisks in the 1D ^1^H NMR profile; they were too minor to be identified ([Figure S4a](http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.8b04486/suppl_file/jf8b04486_si_001.pdf)). The splitting of the anomeric signals **B** H-1, **D** H-1, and **E** H-1 was due to the influence of the α/β configuration of reduction residue **A.** All nonanomeric proton resonances were assigned by using 2D ^1^H--^1^H TOCSY ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} and [Figure S4b](http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.8b04486/suppl_file/jf8b04486_si_001.pdf)). The set of ^1^H and ^13^C chemical shifts of residues **A**--**C** correspond to the values of these residues occurring in compound F4 of the GL34 mixture.^[@ref27]^ The 2D ROESY doubled inter-residual cross-peaks **C** H-1/**B** H-4 together with a strong downfield of residue **B** H-4 at δ 4.02 (Δδ +0.10 ppm) indicates the occurrence of an O-4 substitution at the residue **B** (compare structure F1 in Pham et al. 2017).^[@ref27]^ Strong downfield shifts of the residue **A** with **A**~**α**~ H-2 at δ 3.69 (Δδ +0.11 ppm) and **A**~**β**~ H-2 at δ 3.42 (Δδ +0.13 ppm) were found as indications of substituted O-2 at this residue. This 2-substitution of residue **A** was verified by the 2D ROESY doubled inter-residual cross-peaks **D**^**β**^ H-1/**A**~**β**~ H-2 ([Figure S4c](http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.8b04486/suppl_file/jf8b04486_si_001.pdf)). The resonances of residue **D**^**α**^ H-3 and **D**^**β**^ H-3 were shifted significantly to δ 3.94 (Δδ +0.14 ppm) and δ 3.90 (Δδ +0.15 ppm), respectively, in comparison to residue **D** of compound F4,^[@ref27]^ reflecting a −(1→3)-α-[d]{.smallcaps}-Glc*p*-- unit. The 2D ROESY inter-residual cross-peak between **E** H-1 and **D**^**β**^/**D**^**α**^ H-3 supported this O-3 substitution ([Figure S4c](http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.8b04486/suppl_file/jf8b04486_si_001.pdf)). These data lead to the structure of this compound G3 as α-[d]{.smallcaps}-Glc*p*-(1→3)-α-[d]{.smallcaps}-Glc*p*-(1→2)-\[Glc*p*-(1→4)-β-[d]{.smallcaps}-Gal*p*-(1→4)-\]-[d]{.smallcaps}-Glc*p* ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}).

### Fraction G4 {#sec3.3.4}

Compound G4 consists of five hexose residues, namely **A** and **B** (glucosyl and galactosyl residues from original lactose, respectively) and **C**--**E** (transferred glucosyl residues from sucrose). The 1D ^1^H NMR spectrum of fraction G4 showed seven anomeric signals at δ 5.450 (**A**~**α**~ H-1), δ 4.843 (**A**~**β**~ H-1), δ 4.527/4.512 (**B** H-1), δ 5.111/5.103 (**C** H-1), δ 5.102 (**D**^**α**^ H-1), δ 5.379 (**D**^**β**^ H-1), and δ 5.358/5.350 (**E** H-1) ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). The splitting of the anomeric signals **B** H-1, **C** H-1, **D** H-1, and **E** H-1 is caused by α/β configuration of the reduction residue **A**. The other nonanomeric proton resonances were determined by 2D ^1^H--^1^H TOCSY, and the carbon chemical shifts were correlated to ^13^C in the 2D ^1^H--^13^C HSQC spectrum ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} and [Figure S5c](http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.8b04486/suppl_file/jf8b04486_si_001.pdf)). The set of ^1^H and ^13^C chemical shifts of residues **A**--**C** matched very well with the values of these residues in compound F5 of the GL34 mixture, although with slight shifts,^[@ref27]^ suggesting the occurrence of a 3-substituted galactosyl residue and 2-substitued glucosyl residue. The strong downfield shifts of residue **B** H-3 at 3.77 (Δδ +0.11 ppm) and C-3 at 78.6 (Δδ +4.9 ppm) and the ROESY inter-residual cross peaks **C** H-1/**B** H-3 verify the α-[d]{.smallcaps}-Glc*p*-(1→3)-- linkage ([Figure S5c](http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.8b04486/suppl_file/jf8b04486_si_001.pdf)). Strong downfield shifts of residue **A** with **A**~**α**~ H-2 at δ 3.71 (Δδ +0.13 ppm), **A**~**α**~ C-2 at δ 79.6 (Δδ +6.93 ppm), **A**~**β**~ H-2 at δ 3.43 (Δδ +0.14 ppm), and **A**~**β**~ C-2 δ 79.0 (Δδ +3.91 ppm) were detected as indications for a substituted O-2 of residue **A**. This 2-substitution of residue **A** is confirmed by the 2D ROESY doubled inter-residual cross-peaks **D**^**β**^ H-1/**A**~**β**~ H-2 and **D**^**α**^ H-1/**A**~**α**~ H-2 ([Figure S5c](http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.8b04486/suppl_file/jf8b04486_si_001.pdf)). The resonances of residues **D**^**α**^ H-3 and **D**^**β**^ H-3 shifted significantly to values of δ 3.93 (Δδ +0.13 ppm) and δ 3.89 (Δδ +0.14 ppm), respectively, in comparison to that residue of compound F5,^[@ref27]^ indicating the occurrence of O-3 substitution at residue **D**. This substitution is supported by the 2D ROESY inter-residual cross-peak between **E** H-1 and **D**^**β**^ /**D**^**α**^ H-3. These data determined the structure of G4 to be α-[d]{.smallcaps}-Glc*p*-(1→3)-α-[d]{.smallcaps}-Glc*p*-(1→2)-\[α-[d]{.smallcaps}-Glc*p*-(1→3)-β-[d]{.smallcaps}-Gal*p*-(1→4)-\]-[d]{.smallcaps}-Glc*p* ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}).

Discussion {#sec4}
==========

Residues surrounding the glucansucrase active site have been subjected to several mutagenesis studies aiming to identify the structural determinants of product size and linkage specificity in these enzymes.^[@ref21],[@ref23],[@ref37],[@ref30],[@ref31],[@ref38],[@ref39]^ The three residues (N1029, W1065, and Q1140) targeted in this work have been studied before, but in reactions with different acceptor substrates. Notably, all three residues are fully conserved within glucansucrases, and they play an important role in the transglycosylation reaction. Residue N1029 in domain **A** of Gtf180-ΔN was previously shown to be critical for linkage specificity and activity. Meng et al. reported the essential role of N1029 in acceptor substrate binding by Gtf180-ΔN.^[@ref30]^ Regarding α-glucan synthesis from sucrose, N1029 mutants tended to decrease the transglycosylation/hydrolysis ratio and to increase the relative amount of (α1→3) linkages in the products. This was attributed to the fact that N1029 is involved in the hydrogen bond network to bound acceptor substrates.^[@ref18],[@ref30]^ In addition, residue W1065 appeared to be critical for the activity of this enzyme.^[@ref31]^ The stacking interactions of this aromatic residue with acceptor substrates bound at subsites +1 and +2 were shown to be required for polysaccharide synthesis.^[@ref31]^ Mutation of this W1065 residue also affected linkage specificity in polysaccharide and oligosaccharide synthesis in reactions using sucrose or sucrose (donor) plus maltose (acceptor) as substrates.^[@ref18],[@ref21],[@ref31]^ Finally, the importance of residue Q1140 was shown in a study where Gtf180-ΔN was used to transglycosylate steviol glycosides.^[@ref15]^

Also with lactose as an acceptor substrate, mutation of these amino acid residues (N1129, W1065, and Q1140) showed clear effects on the activity as well as the linkage specificity of Gtf180-ΔN. First, replacement of N1029 with Gly or Thr facilitated these Gtf180-ΔN mutants to synthesize (α1→3) glucosylated lactose derivatives ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). This resulted in a strong reduction in the synthesis of (α1→4) glucosidic linkages containing compounds (F1 and F4) by mutant N1029G in comparison to the wild-type enzyme ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). Similar effects were observed in studies where maltose was used as acceptor substrate,^[@ref35]^ or even when non-carbohydrate compounds were used as acceptor substrates.^[@ref6]^ The crystal structure of GTF180-ΔN in complex with maltose revealed that N1029 is involved in a hydrogen bond network with the nonreducing end glucosyl moiety of maltose in subsite +1, making direct and indirect hydrogen bonds with its C3 and C4 hydroxyl groups.^[@ref18]^ Mutant N1029G, when it acts on lactose as an acceptor substrate, added an (α1→3)-linked Glc moiety to compounds F2--F5 of the GL34 mixture to synthesize G1--G4 ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). However, under the incubation conditions tested, the amounts of the novel compounds G1--G4 were relatively low in comparison with F1--F5; optimization of these reactions clearly is required in order to increase the yield of this (α1→3) linkage containing a lactose--derivative mixture.

Second, with most of the W1065 mutants we observed a decrease in the amounts of F1--F5 synthesized ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). This may be explained by a loss of the aromatic stacking interaction with the acceptor substrate lactose, similar to what has been observed in studies using sucrose or sucrose plus maltose.^[@ref31]^ It is interesting to note that a wild-type glucansucrase is able to catalyze linear (α1→2)-glycosylation, albeit with a "non-natural" acceptor substrate. The related and highly homologous branching sucrases also synthesize (α1→2) linkages, but only with dextran as an acceptor substrate, and with a nonaromatic residue replacing the tryptophan at position 1065.^[@ref29],[@ref40],[@ref28]^ Moreover, they only form (α1→2) branch points instead of linear (α1→2) linkages. W1065 mutants still synthesized products with (α1→2) linkages (F2, F4), although the amounts were decreased. Mutant W1065M was almost completely inactive, which is in agreement with an earlier study.^[@ref31]^ Together, our results show that W1065 is essential for the transglycosylation of lactose.

Third, Q1140 mutant enzymes showed minor changes in their GL34 mixture profiles. Only compound F3 with an (α1→3)-linked Glc moiety was clearly reduced. Residue Q1140, together with residues N1411 and D1458, lines the pocket-shaped cavity of Gtf180 in which the glucosyl moiety of sucrose binds (subsite −1) but is also near subsite +2.^[@ref18]^ Mutations of Q1140 change the surface shape and/or local charge and thereby may affect the affinity for and/or orientation of bound acceptor molecules, explaining the observed changes in linkage specificity.

The results of the docking experiment of lactose in Gtf180-ΔN do not fully explain the transglycosylation types and the experimentally observed preferences but do provide insights into how lactose may bind at acceptor binding subsites +1 and +2. Reflecting the variety in linkage types observed experimentally for lactose transglycosylation by wild-type Gtf180-ΔN, the set of obtained poses showed a large variation of orientations, which may be related to the fact that the acceptor binding region of Gtf180-ΔN is quite wide and open. The observation that product profiles of N1029, W1065, and Q1140 mutants are affected (with respect to wild type) agrees with the fact that, in the docking results, lactose interacts with these residues when bound for transglycosylation. Further insights into the linkage specificity determinants of Gtf180-ΔN acting on lactose as acceptor substrate may be provided by a crystal structure of Gtf180-ΔN in complex with lactose, but attempts to obtain such a complex have not been successful so far.

Recently we reported that the GL34 mixture synthesized by Gtf180-ΔN shows the potential to shift microbiota composition: it specifically stimulated growth of bifidobacteria, particularly *B. adolescentis*.^[@ref41]^ This novel GL34 oligosaccharide mixture, synthesized from cheap and abundantly available lactose and sucrose, thus (potentially) has synbiotic properties toward *B. adolescentis*. Glucansucrases are highly interesting glucosylating enzymes that are relatively easy to produce, highly active with sucrose as donor substrate, and have promising conversion degrees. Optimization of their trans-glucosylation reactions with galactose-containing compounds as acceptor substrates is needed to obtain higher yields of transfer products for further functional studies.

The current study identified three residues (N1029, W1065, and Q1140) that likely play a role in determining linkage specificity regarding lactose transglycosylation. The fact that all three residues are fully conserved in glucansucrases underpins their importance and expands the possibilities for understanding the synthesis of lactose-derived oligosaccharides by glucansucrases (and their mutants). Ultimately, further tailoring and optimization of their synthesis may lead to desired products for further applications.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.jafc.8b04486](http://pubs.acs.org/doi/abs/10.1021/acs.jafc.8b04486).1D ^1^H NMR spectrum, 2D ^1^H--^1^H TOCSY spectrum, and 2D ^1^H--^1^H ROESY spectrum of compounds G1--G4 ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.8b04486/suppl_file/jf8b04486_si_001.pdf))
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